ABSTRACT Hydraulic exoskeleton is a kind of the human robot interaction system, which can augment the human performance in the application of heavy load carrying. Due to the existence of complicated multijoint nonlinear dynamics and various uncertainties, traditional robust control of these systems is hard to be realized in most of the practical research. In this paper, an adaptive robust cascade force controller is proposed for 3-DOF hydraulic leg exoskeleton to achieve accurate tracking of human motion. Specifically, the control strategy includes two levels. The desired joint positions, which can be assumed as the human motion intent as well, are generated in the high-level by attenuating the integral of human-machine interaction force. And in the low-level, an observer-based MIMO motion controller is developed for 3-DOF dynamics to track the generated human motion intent accurately. Adaptive robust control algorithms are developed in both control levels to address the strongly coupled high-order dynamics under parametric uncertainties and uncertain disturbances. Comparative simulations show that the human-machine interaction force can be attenuated exactly and robust performance to various uncertainties can be guaranteed, validating the effectiveness of the proposed scheme.
I. INTRODUCTION
Lower limb exoskeletons for human performance augmentation are wearable robots which guarantee the wearer's endurance and agility when walking with heavy loads [1] . As a typical human machine interaction system, robot power and human intelligence are integrated perfectly in the system leading to a good performance in unstructured environment. Specifically, the heavy load mounted on the exoskeleton is supported by the exoskeleton actuators while the healthy operator gives the motion commands that the exoskeleton needs to follow. Due to the small size-to-power ratio and the ability to provide high force and torque, hydraulic actuators are often selected in these exoskeleton systems. When the exoskeleton can track the human motion accurately, the heavy load is transferred to the ground through the exoskeleton and the human almost can not feel the existence of the load, and thus can complete various actions flexibly. Therefore, the high performance human machine synchronization control algorithm design becomes the key technology in the development of lower limb exoskeleton for human performance augmentation.
Various control schemes have been designed to improve the performance of exoskeletons, which can be divided into two types. In the first type, the human-machine interaction force is not measured directly. Typical examples include the virtual joint force control [1] , sensitivity amplification control (SAC) [2] , and fictitious gain method [3] . Since it is impossible to obtain a precise inverse dynamics, robust performance of these control methods usually cannot be guaranteed. Also, because of the large compressibility of hydraulic oil, the output force of the hydraulic actuator is hard to be tracked. Thus the performance of the above interaction force controllers in which the control input should be the joint torque are often quite limited in hydraulic exoskeleton systems. In another category, such as admittance control [4] , [5] and human machine cooperation controller design [6] , a direct measurement of human-machine interaction force is done. In these approaches, the two-level cascade control structure is adopted. Often the human motion intent is inferred in the high level controller while the motion tracking is done in the low level. However, because of using human data to infer the human motion intent, the method in [4] and [5] can not be easily generalized to various wearers which limits the effectiveness in practical implementation. In [6] , the desired position is generated by a model-free PID force controller. However, the robust performance of the controller is poor due to the neglect of the model uncertainties in the algorithm design. Also, it is not clear how to tune the gains of the PID controller. Other exoskeleton force control methods such as [7] - [9] are developed for motor driven systems. It is known that the presence of complicated nonlinear dynamics and various types of model uncertainties in the hydraulic actuators makes it more challenging to control hydraulically actuated exoskeleton.
To solve this problem, an adaptive robust cascade force controller is proposed in [10] for 1-DOF hydraulic exoskeleton system. Parameter uncertainties and uncertain nonlinearities are considered in the modeling and be addressed effectively through the adaptive robust control (ARC) algorithms. In this paper, the problem is extended to more practical and typical 3-DOF leg exoskeleton, which leads to more challenging issues. The system in study has various types of model uncertainties, including the appearance of unknown parameters in the inertia matrix which makes the joint acceleration can not be linearly parameterized. In the controller design, the integral of human-machine interaction force are minimized to generate the desired positions in the high level (which can also be seen as the human motion intent). In the low level, different from the 1-DOF controller design, an additional observer is first synthesized to estimate the joint acceleration which is needed in the following motion tracking controller design. Then, a MIMO motion tracking controller using backstepping technique is designed. ARC algorithms are applied in both control levels to effectively handle all the uncertainties for a guaranteed robust performance.
II. DYNAMICAL MODELS
The 3-DOF hydraulically actuated support leg exoskeleton system as shown in Fig. 1 includes three parts: the hydraulic actuators, the 3-DOF mechanic system(including the load), and the human-machine interface resulting from the physical contact between the exoskeleton and the human. The human machine contact point is on the back. With only considering the compliant properties in the interface and also neglecting the valve dynamics, the overall system dynamics can be described by Eq.(1) [11] 
where F hm = F x F y τ z T is the human-machine interaction force at the contact point. K = diag{K x , K y , K z } represents the stiffness of the human-machine interface. x h = x hx x hy θ hz T and x e = x ex x ey θ ez T represent the human position and exoskeleton position at the contact point, respectively. q = q 1 q 2 q 3 T represents the joint position and can be related to x e by the inverse kinematics, which denotes as q = invkine(x e ). τ act is the joint torque from the actuators. J (q) = ∂x e ∂q is the Jacobian matrix. M sp3 (q), C sp3 (q,q)q, G sp3 (q) represent the inertial matrix, centrifugal/Coriolis force and gravity force, respectively. B = diag{B 1 , B 2 , B 3 } is the damping ratio. x Li is the displacement of the cylinder i and ∂x Li /∂q i represents the first-order partial derivative of x Li with respect to q i . P 1i , P 2i , A 1i and A 2i represent the absolute pressures and the acting areas of the two chambers in cylinder i, respectively. V 1i = V h1i + A 1i · x Li and V 2i = V h2i −A 2i ·x Li are total volumes of two chambers in cylinder i. V h1i , V h2i are two chamber volumes when q i = 0. β e represents the effective bulk modulus. Q 1i , Q 2i are the supply and return flow of cylinder i, respectively. k q1i and k q2i are the flow gain coefficients for the two loops of cylinder i, respectively. x vi is the spool displacement of valve i. P s is the supply pressure and P r is the pressure in the tank.D 1 , D 2 ,D 31i , andD 32i represent the lumped modeling errors and uncertain disturbances in each dynamic model. VOLUME 6, 2018 The first equation of (1) 
The third equation of (1) 
whereq r ,q r are any reference vector. β is the system parameters related to the leg exoskeleton.
III. CONTROLLER DESIGN A. DESIGN MODEL AND CONTROL OBJECTIVE
Define the following lumped disturbances and parameter vectors:
where in and i represent the constant and time-varying part of˜ i , respectively. Assume that θ ∈ θ = {θ :
Define the following state variables:
and the state-space form of system dynamics (1) can be expressed as:
where invkine denotes the inverse kinematics.
Under the situation that the wearer is capable of executing the necessary motions for achieving locomotion, the exoskeleton is only asked to follow the human motion quickly and accurately. Thus, the control objective is to design a control input u = u 1 u 2 u 3 T based on Eq.(6) so that the human machine interaction force F hm can be minimized and accurate motion tracking of exoskeleton output x e to human motion x h can be achieved.
B. OVERALL CONTROL STRUCTURE
Fig . 2 shows the block diagram of the adopted cascade force controller. As for the control of hydraulic systems with various uncertainties, much work has been done [15] - [18] . The ARC [19] , [20] is an effective control algorithm to address both parametric uncertainties and uncertain nonlinearities with a number of successful applications [21] - [26] . Thus, it will be applied in our proposed force controller design. Actually, the control architecture of the proposed method is similar with admittance control. They both adopt the cascade architecture in which the outer loop force controller is in series to the inner loop position controller. However, the detailed control algorithms are quite different.
C. HIGH-LEVEL HUMAN MOTION INTENT INFERENCE
With the position of exoskeleton x e treated as the virtual control input, the control objective of high level controller is to generate a virtual control law x m for x e so that the integral of force tracking error z 1 = x 1 −x 1d can converge to zero or to be bounded. x 1d is the desired trajectory to be tracked by x 1 . Depending on the actual application requirements, the desired human machine interaction force can be selected as zero or as a scaled-down version of the load force. Define
where f θ F , Y θ F are known. From the first equation of (6), the error dynamics becomes
The following ARC control strategy is designed:
where x ma and x ms represent the model compensation and robust feedback term, respectively. K 1 and 1 represent the positive definite matrix for linear feedback and adaptation rate, respectively. x msn is a robust control function having the following two properties:
where ε 1 > 0 is a design parameter.θ F =θ F − θ F is the parameter estimation error. Define z 2h = x e − x m , the first error subsystem becomes
It is seen that when the exoskeleton tracks the desired position x m , the interaction force can be minimized. Thus the virtual control law x m can be regarded as the human motion intent. Finally the desired joint position q m can be solved by
D. DESIRED TRAJECTORY GENERATION
The same as [10] , the desired motion trajectories of the exoskeleton joints are obtained through the following output differential observer:
where ξ 1i =q mi , ξ 2i =q mi , ξ 3i =q mi , ξ 4i =.
.. q mi represent the estimated desired position, velocity, acceleration, and jerk. a 1 , a 2 , a 3 , a 4 are design parameters which can be specified by pole placement method. The estimation errors, seen as the lumped disturbances, can be addressed by robust control.
E. LOW-LEVEL MIMO MOTION TRACKING CONTROLLER
The control objective of low level controller is to generate a control law for u so that the position tracking error z 2 = x 2 −q m can converge to zero or be bounded. According to the last four equations of (6), a MIMO adaptive robust motion controller is proposed. Also an adaptive robust observer is developed to estimate the joint acceleration which will be used in the motion tracking controller design. The backstepping design procedure using ARC Lyapunov functions is as follows. Define a switching function-like quantity as
where K 2 is any positive diagonal matrix. With
, i = 1, 2, 3} as a stable VOLUME 6, 2018 transfer function matrix, the rest design is to make z 3 small. Define Bx 3 = Y B (x 3 )B θ . Differentiating (14) while noting (6) and property 3, the dynamics of z 3 is as follows
The resulting ARC control law P Ld is constructed as
where P Lda and P Lds represent the model compensation and robust feedback term, respectively. K 3s1 and 2 represent the positive definite matrix for linear feedback and adaptation rate, respectively. K 3 > 0, g 3 > 0. P Ldsn is a robust control function having the following two properties:
where ε 3 > 0 is a design parameter.θ q =θ q − θ q is the parameter estimation error. Let z 4 = P L − P Ld , then the third error subsystem becomes As seen from (18), precise motion tracking can be achieved if z 4 = 0. Therefore, in this part, a control function should be generated such that z 4 converges to zero or to be bounded. In the ARC backstepping design, the feedback of joint accelerationq is necessary when computingṖ Ld for adaptive model compensation. Here, without measuring the joint acceleration directly, the estimates of the joint velocity and acceleration are obtained through the following adaptive robust observer [27] , [28] .
Observer Design
The following observer errors are defined e o1 = x 2 − y e o2 =ė o1 + K o1 e o1 = x 3 −ẏ r ,ẏ r =ẏ − K o1 e o1 (19) where y andẏ r represent the estimates of x 2 = q and x 3 =q respectively. K o1 is any positive feedback gain matrix. The proposed nonlinear observer is : (20) whereM Sp3 ,C Sp3 ,Ḡ Sp3 ,B and¯ 3n are the estimates of related matrices in which a new set of parameter estimation named asθ q is used. K o2 is positive definite matrix for linear feedback. K o2s is the nonlinear feedback gain which will be specified later. T os is the robust feedback term. Noting the third equation of (6), the derivative of e o2 can be calculated as
wherë
Definë (23) whereθ qo =θ q − θ q . Thus (21) becomes
If the parameter estimation errorθ qo makes (
Sp3 < 1, then there exist a robust control function T os (q,q,θ , y,ẏ) having the following two properties:
where ε o is a design parameter.θ q is updated via the adaptation law belowθ
Replacing the joint velocityq with its estimateẏ r in the control law P Ld , the estimate of P Ld named asP Ld = P Ld (q,ẏ r ,θ q , t) can be obtained. Letẑ 4 = P L −P Ld be the new load force tracking error. Then (18) becomes
where µ = h(P Ld − P Ld ) represents the effect of the observer error, which has the following property. lemma 1: µ is bounded by µ(q,ẏ r ,θ q , e o2 , z 3 , t) ≤ σ e (q,ẏ r ,θ q , e o2 , z 3 , t) e o2 (28) where σ e is a positive scalar function.
Proof: Replacingẏ r forq in z 3 andq r , we obtain their estimatesẑ 3 andq r aŝ z 3 =ẏ r −q r = z 3 − e o2 q r =q r + K 1 e o2 ,ẏ r =q − e o2 (29) Thus all estimation errors are at least a linear function of the observer error e o2 and are zero when e o2 = 0, which leads to lemma 1.
The following is to synthesis the desired flow Q Ld for Q L such thatẑ 4 = P L −P Ld converges to zero or be bounded. From (6), the derivative ofẑ 4 is calculated aṡ
Treating Q L as the control input, the resulting ARC control law is constructed as:
where Q Lda and Q Lds represent the model compensation and robust feedback term, respectively. φ 4c = φ 4c1 φ 4c2 φ 4c3 φ 4c4 φ 4c5 T is the vector of regressors with 
Likeθ F , the adaptation law forθ q is designed as:
where 2 > 0 is a positive definite adaptation rate matrix.
Finally, the control voltage of the valves can be obtained by:
Following the standard ARC arguments shown in [19] , [29] , and [30] , the following theoretical results can be obtained.
Theorem 1:
In the inner loop (low level motion tracking), if the control gain matrices are chosen such that
, the control law (35) can guarantee the bounded motion tracking errors and observer errors by
where
Furthermore, if, after a finite time, i = 0, i = 3, 4, zero final tracking error can be achieved, i.e., z 2 → 0, as t → ∞.
Proof of Theorem 1:
Differentiate V s4 while noting (24), (27) and (33) and property 2, one can obtaiṅ
With the adaptation law of (34), noting the characteristics of the projection mapping 
Noting (17), (25), (32), (37) becomeṡ
If the gain matrices satisfy the conditions in Theorem 1, by completion of square, we havė
which lead to (36).
oθ qo . Differentiate V a4 while noting the adaptation law (26) and (34), one can obtaiṅ
Therefore, e o2 , z 3 , z 4 ∈ L 2 . Alsoż can be proved to be bounded. So, z → 0 as t → ∞ by the barbalat's lemma. Since the transfer function matrices
are stable transfer functions, z 2 and e o1 will also converge to zero exponentially. Theorem 2: In the outer loop (high level human motion intent inference), if the zero tracking error z 2h = 0 is achieved in the inner loop, the control law (9) can guarantee the bounded tracking error of the human-machine interaction force by
sup t {λ max (K f (t))} . Furthermore, if, after a finite time, 1 = 0 andK f = 0, force tracking error is bounded with integral asymptotically converging to zero, i.e., z 1 → 0, as t → ∞.
Proof of Theorem 2: Differentiate V s1 while noting (11), one can obtaiṅ
If z 2h = 0, noting (10), (44) becomeṡ
which leads to (43).
Therefore, z 1 ∈ L 2 . Alsoż 1 can be proved to be bounded. So, z 1 → 0 as t → ∞ by the barbalat's lemma.
Remark 1: The proposed control algorithm is a typical cascade architecture as shown in Fig. 2 . The closed-loop stability and the precise interaction force tracking can be realized if z 2h = 0 is achieved in Theorem 1. However, z 2h can not be 0 for all the time due to the effect of disturbance and modeling uncertainties. Thus, the traditional cascade design in which the inner loop bandwidth should be much larger than that of the outer loop (usually 5 ∼ 10 times) is necessary.
IV. SIMULATION RESULTS

A. SIMULATION SETUP
A simulation model based on (1) is set up by using Matlab/Simulink. The simulation parameters are selected part from our exoskeleton platform and part from the human data in [31] . Parameters of the 3-DOF support leg exoskeleton are: . The supplied pressure is P s = 5e 7 Pa and actual bulk modulus is β e = 8.7e 7 Pa. The initial system parameter estimates are set as the real values and the lumped disturbances are set as zero. The sampling time t s = 0.001s.
B. SIMULATION RESULTS
In the following simulations, the desired human-machine interaction force is selected as zero and three low-level control algorithms are compared:
C1: Independent joint based PID control with velocity feedforward given by
The control gains are selected as
The controller proposed in section III − E but with the adaptation turned off. The control gains are selected as
C3: The controller proposed in section III − E. The control gains are selected as To verify the effectiveness of these controllers, the following test sets are performed:
Set1: To test the tracking performance of motion controllers in the low level. Set2: Fixing the low level controller to test the force control performance using different high level algorithms. Set3: Fixing the high level algorithm as FARC to test the force control performance using different low level algorithms.
Set4: To test the performance robustness of the proposed force controllers to load change.
In Set1, the adaptation law is switched off so that the influence of different control structures on motion tracking performance can be seen. Thus only C1 and C2 are compared. The sinusoid curves x 2d = [−2 + 0.2 sin(
2 )]rad is used as the desired motion trajectory. Fig.3 shows the tracking errors and control input. Without using any model information and neglecting the coupling effect of multiple axes, the control gains of C1 are quite limited leading to large tracking errors. For C2, the control gains can be increased due to the consideration of multi-joint hydraulic exoskeleton dynamics and thus better tracking performance can be achieved.
For Set2 and Set3, by passing x 2d in Set1 into the kinematics equations, the human motion trajectory x h can be obtained. Table 1 shows the gains and adaptation rate matrices of high level controllers which vary with different low level controllers. Without compromising much control performance, only 1n is adapted in the simulation. As shown in Fig.4 , due to the online parameter estimate in the high level controller(FARC), the human motion can be learned effectively, resulting in a smaller human machine interaction force over FDRC. Furthermore, Fig.5 shows that with FARC as the high level controller, cascade force controller with C2 achieves more accurate parameter estimation and more precise force control performance than that with C1. The reason is that C2 achieves higher inner loop bandwidth with all the system dynamics considered which leads to larger control gains and adaptation rate in its high level controller. In Set4, a 2.72kg load is mounted in the shank making the parameter uncertainties exist in the first and fifth element VOLUME 6, 2018 of θ q (denote as Y 2 and J 2 ). From Fig.6 , it is seen that the proposed ARC cascade force controller(FARC+C3) achieves a more consistent performance to load variation, compared to the PID cascade controller(FARC+C1). The reason is that fast parameter adaptation in FARC+C3 as shown in Fig.7-Fig.8 makes the model uncertainties resulting from the load change be learned more quickly and then be effectively compensated.
V. CONCLUSION
In this paper, a robust control scheme is developed for the human machine interaction force control of a 3-DOF hydraulic leg exoskeleton used to augment the human performance. A cascade control structure with high level controller inferring the human motion intent and low level controller performing motion tracking is proposed. An observer is synthesized to estimate the joint acceleration which is used in the design of the low level backstepping controller. MIMO ARC algorithm is applied in the two control levels to handle the effects of various model uncertainties. Both high accuracy interaction force control and good robust performance in the presence of load change and disturbances are achieved by the proposed method, which is validated by comparative simulations.
